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Objectives: To characterise the morphologic behaviour of infrainguinal vascular grafts during flexion of the knee. 
Design: A prospective angiographic study. 
Materials and methods: In 64 infrainguinal bypass grafts, intravenous digital subtraction angiography was performed 
within the first postoperative week. Frontal and lateral projection angiograms with the knee joint extended and with a 
80-90 °flexion were taken. The distal anastomosis ofthe bypass was performed below-knee in 49 cases (i8 in situ veins, 
8 reversed veins with an anatomic ourse, 2 reversed veins with an extra-anatomic course, 4 composite grafts, 15 synthetic 
grafts with an anatomic ourse (14 polytetrafluoroethylene (ePTFE), 1 polyurethane), and two synthetic grafts with an 
extra-anatomic course. Fifteen ePTFE prostheses were implanted in the above-knee position. 
Results: Out of 64 cases a total of 16 grafts showed stenotic kinking during flexion: two of the 18 in situ vein grafts, four 
of the 12 reversed vein grafts implanted with an anatomic ourse, one of the two reversed vein grafts implanted in an extra- 
anatomic site, eight of the 15 synthetic grafts crossing the knee, 0 of the two extra-anatomic ePTFE grafts, and one of the 
15 cases of above-knee f moropopliteal ePTFE grafts. 
Conclusions: Stenotic kinking due to knee flexion can affect all kinds of bypass grafts including vein grafts placed 
anatomically and above-knee prostheses. 
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Introduction 
The best arterial substitute for infrainguinal bypass 
remains the great saphenous vein used in the reversed 
or in situ position. 1s However, the use of a synthetic 
alternative may be mandatory when there is no 
adequate saphenous vein. Two main factors influence 
the patency of infrainguinal bypasses: the level of the 
distal anastomosis and the type of the graft. 5Above- 
knee femoropopliteal bypasses demonstrate better 
patency rates than below-knee or distal bypasses. 
Crossing the knee joint may have a deleterious impact 
for a vascular graft due to kinking in flexion. Patency 
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rates of below-knee bypasses are significantly better 
with autologous veins than with synthetic substi- 
tutes, 5 and it has been suggested that the deleterious 
impact of the knee joint flexion may be lower for 
autogenous veins than for synthetic substitutes. Kink- 
ing of synthetic vascular grafts during knee flexion are 
said to be a significant cause of failure of below-knee 
bypasses. 6-8 However, studies of the behaviour of 
vascular grafts during knee joint flexion are rare, with 
few cases, and angiograms performed after variable 
duration of implantation. 6'7'9-~1 These studies have 
concluded that stenotic kinking (SK) is only observed 
with non-externally supported synthetic prostheses 
and that autologous veins always show a smooth 
course without any stenosis. 
This angiographic study was therefore undertaken 
to characterise the morphologic impact of the knee 
joint flexion on infrainguinal vascular grafts. 
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Material and Methods 
Patients 
Sixty-four infrainguinal revascularisations were per- 
formed in 62 patients, mainly for limb salvage. 
Fifteen patients received an above-knee femor- 
opopliteal bypass. In 14 cases, the graft was 6 mm 
diameter expanded polytetrafluoroethylene (ePTFE, 
Gore-Tex, Flagstaff, AZ, U.S.A.) without external 
support, while in one case the graft was 6 mm 
diameter composite Corethane/Dacron (Corvita Cor- 
poration, Miami, FL, U.S.A.) All grafts were anasto- 
mosed proximally to the common femoral arterj6 and 
distally to the popliteal artery without vein inter- 
position. Forty-nine bypasses with a below-knee distal 
anastomosis were performed on 47 patients. The type 
of grafts used for the bypass and the level of the 
anastomosis are summarised in Table 1. Composite 
grafts consisted of a segment of ePTFE without 
external support anastomosed to a reversed vein to 
cross the knee joint. Fourteen synthetic grafts using an 
anatomic ourse were non-externally supported 6 mm 
ePTFE while one was a 6 mm composite Corethane/ 
Dacron. All these grafts were anastomosed to the 
below-knee popliteal artery without vein interposi- 
tion. The three ePTFE grafts anastomosed to the tibial 
arteries were anastomosed with a Miller cuff inter- 
position. 12 The two synthetic grafts using an extra- 
anatomic course were externally supported ePTFE 
and were both anastomosed to a tibial artery using a 
Miller cuff interposition. In brief, the type of graft 
crossing the knee joint was autologous vein in 32 
cases, and a synthetic graft in 17. 
Angiographic study 
The 64 infrainguinal revascularisations were investi- 
Table 1. Level of the distal anastomosis of the bypasses according 
to the kind of substitute. 
Vascular Below knee 
substitute Anastomosis popliteal artery Tibial artery 
In situ vein 18 10 8 
Reversed vein in 
anatomic site 8 5 3 
Reversed vein in 
extra-anatomic s te 2 0 2 
Composite graft 4 1 3 
Synthetic graft in 
anatomic site 15 12 3 
Synthetic graft in 
extra-anatomic s te 2 0 2 
gated within the first postoperative week by intra- 
venous digital subtraction angiography. Patients with 
renal insufficiency or congestive heart failure were 
excluded from the study. The angiograms were per- 
formed in frontal and lateral projection in both 
extension and 80-90 ° flexion of the knee joint using a 
Digitron 3 system (Siemens, Erlangen, Germany) with 
an acquisition rate of two pictures per second, a33 cm 
intensifier field size, and a 512 × 512 matrix. A 5 
French pigtail catheter was introduced through the 
basilic or cephalic vein and placed at the level of the 
retrohepatic segment of the inferior vena cava. Thirty- 
three millilitres of iohexol (Omnipaque, Nycomed, 
Oslo, Norway), a non-ionic low-osmolarity contrast 
medium, containing 350 mg of iodine/ml, were 
injected at the rate of 12 ml/s. The total amount of 
contrast medium used ranged from 190 to 250 ml. 
Angiography with the knee joint in extension were 
undertaken in order to exclude excessive bypass 
length. We counted the number of curves observed in 
the frontal and the lateral projection when the knee 
joint was flexed to 80-90 °. We characterised the curves 
as sharp when their angle was smaller than 90 ° , and as 
gentle when their angle was more than 90 °. Stenotic 
kinking was defined as the occurrence of a fold of the 
internal wall protruding into the lumen during 
flexion. 
Results 
The results are summarised in Table 2. 
Above-knee f moropopliteal prostheses (n -= 15) 
Stenotic kinking was observed in one above-knee 
femoropopliteal prostheses. It was located i cm above 
the distal anastomosis on the popliteal artery, and was 
only observed on the frontal projection. The modifica- 
tions of the course of the prostheses consisted mainly 
in gentle curves observed on lateral projection. We 
noted that modifications in the course of the popliteal 
artery during the flexion of the knee were generally 
observed on the frontal projection. They consisted in 
gentle curves and sometimes in kinking at the level of 
atheromatous plaques (Fig. 1). 
In situ vein grafts (n = 18) 
Two in situ vein grafts showed SK. The course 
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modifications of the substitute during the flexion of 
the knee were principally observed on the lateral 
projection and at the distal part of the bypass which 
was free of tissue connections. In one case, knee 
flexion caused preocclusive compression of the distal 
anastomosis (Fig. 2). 
Reversed vein grafts (n = 14) 
In the case of reversed autologous vein grafts with an 
anatomic course, their proximal anastomosis was 
either performed directly to the femoral artery 1° or 
was an end-to-end anastomosis with a proximal 
synthetic portion of a composite bypass. 2 Four SKs 
Table 2. Results of the angiographic study. 
were observed in this group of 12 cases. These SKs 
were only observed on frontal projections as only non- 
stenotic angulations were observed on the lateral 
projection (Figs. 3 and 4). Flexion of the knee caused 
gentle and sharp curves mainly observed on the 
frontal projection. In one case an SK of the above-knee 
synthetic portion of a composite graft was observed 
(Fig. 5). An SK was observed in one of the two 
autologous reversed veins with an extra-anatomic 
course. 
Below-knee synthetic grafts (n = 17) 
Stenotic kinking was observed in eight out of the 15 
Frontal projection 
Short Gentle Stenotic 
curves curves kinking 
Lateral projection 
Short Gentle Stenotic 
curves curves kinking 
FPAK synthetic grafts 1 
grafts affected 
(n=15) average 
number 0.13 
per patient 
range 0-2 
5 1 
0.87 0.07 
0-3 0-1 
0 13 0 
0 1.07 0 
0 0-2 0 
In situ veins 
(~=18) 
grafts 6 16 1 
affected 
average 
number 0.33 2.67 0.07 
per patient 
range 0-2 04  0-1 
9 16 2 
0.73 2.47 0.13 
0-3 0~5 0-1 
Anatomic 
reversed veins 
(n=12) 
grafts 8 11 4 
affected 
average 
number 1.50 2.42 0.42 
per patient 
range 0-5 0-5 0-2 
7 6 0 
1.58 1.42 0 
0-5 0-5 0 
Extra-anatomic 
reversed veins 
(n=2) 
grafts 2 2 1 
affected 
average 
number 1.50 4.00 1.00 
per patient 
range 1-2 4 0-2 
1 2 0 
1.00 5.00 0 
0-2 5 0 
Anatomic 
synthetic grafts 
(n=15): 
grafts 1 13 4 
affected 
average 
number 0.07 2.20 0.53 
per patient 
range 0-1 0-5 0-3 
2 14 8 
0.20 1.80 1.27 
0-2 0-3 0-6 
Extra-anatomic 
synthetic grafts 
(n=2) 
grafts 0 2 0 
affected 
average 
number 0 1.5 0 
per patient 
range 0 1-2 0 
0 2 0 
0 2 0 
0 1-3 0 
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Fig. 1. Above-knee ePTFE femoropopliteal bypass. One gentle and two sharp curves of the prosthesis and bending ofthe popliteal artery 
are observed on the frontal projection (A) since no displacement is observed on the lateral projection (B).
synthetic grafts with an anatomic course and a distal 
anastomosis below-knee. Dur ing the flexion of the 
knee, the behaviour  of synthetic grafts consisted 
mainly  of gentle curves observed on both projections. 
Stenotic k inking was observed when the grafts were 
bent at angles higher than 90 ° (Fig. 6). Stenotic k inking 
was more frequently observed on lateral projections 
and observed in multiple locations. In two cases, the 
grafts were improper ly  placed between the adductors  
as opposed to underneath,  causing an abnormal  
Fig. 2. Femoropopliteal in situ vein bypass. Frontal (A) and lateral (B) projections how only gentle curves of the vein during the flexion 
of the knee. However, flexion led to a preocclusive compression of the distal anastomosis (arrows). 
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Fig. 3. Below-knee femoropopliteal reversed vein bypass. The modifications of the course of the bypass during the flexion of the knee are 
mainly observed onthe frontal projection (A). Moreover, a stenotic kinking (arrow) was only observed on the frontal projection. (B) Lateral 
projection. 
Fig. 4. Reversed vein anastomosed proximally with an above-knee polytetrafluoroethylene bypass and distally with a calf artery. Lateral 
projection (B) shows only gentle curves since the displacements of the graft were mainly observed on the frontal projection (A), these 
displacements consist of sharp curves and a stenotic kinking (arrow). 
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Fig. 5. Below-knee femoropopliteal composite graft associating a proximal polytetrafluoroethylene (ePTFE) graft and a distal reversed vein. 
A stenotic kinking during the flexion of the knee is observed On the ePTFE graft and on the reversed vein (arrows) on the frontal projection 
(A). (B) Lateral projection. 
Fig. 6. Polytetrafluoroethylene bypass between above-knee and below-knee popliteal artery. (A) Frontal projection; (B) lateral projection. 
Both projections showed stenotic kinking (arrows). 
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medial course of the bypass in extension, and severe 
angulation during knee flexion. A composite Cor- 
ethane/Dacron graft showed a regular narrowing of 
the lumen at the level of the knee joint during flexion. 
No SK was observed with externally-supported vas- 
cular prostheses with an extra-anatomic course. 
Discussion 
Factors influencing the patency rate of infrainguinal 
revascularisations are multiple and knowledge of 
them is essential for the improvement of surgical 
techniques and long-term results. Early failures are 
mainly caused by technical faults. Late failure may be 
related to poor run-off at the time of the operation, to 
progression of atherosclerotic o clusive disease, or to 
development of hyperplasic anastomotic stenosis. 
Kinking of vascular substitutes during flexion of the 
knee has been suggested as a significant cause of 
failure of below-knee bypasses, 64 although support- 
ing data are scarce. 
It is necessary to undertake two perpendicular 
projections in order to study the morphologic behav- 
iour of the lumen of a vascular graft angiographically. 
The few previous angiographic studies which have 
investigated knee flexion used only one lateral projec- 
tion. We demonstrated that SK might be observed on 
only one of the two projections. Consequently, the 
incidence of SK has probably been under-estimated in 
previous studies. Both frontal and lateral projections 
are necessary to exclude any excess length or any 
proper tunneling of the vascular substitute at the time 
of the implantation which could lead to abnormal 
behaviour during flexion. Kinking during knee flexion 
occurs not only with synthetic grafts but also with 
autologous veins. Stenotic kinking may occur in 
below-knee vein grafts especially with reversed veins. 
Our results differ from those of Geiger et al, 7 who 
showed that only gentle curves occurred in the knee 
joint area during flexion, without any SK or compres- 
sion. However, only lateral angiograms were per- 
formed. In our stud)~ lateral projection did not show 
SKs in autologous veins but only on the frontal 
projections. Contreras et aI., 11 on the other hand, 
observed two SKs in five autologous vein bypasses 
with lateral angiograms. 
Stenotic kinking was more frequently observed with 
anatomic below-knee synthetic grafts. Stenotic kink- 
ing was observed on both projections, but mainly on 
the lateral projection. No kinking was observed with 
the externally supported ePTFE grafts in extra-ana- 
tomic sites. The study of above-knee PTFE femor- 
opopliteal bypasses demonstrated that the flexion of 
the knee may also modify the course of these 
prostheses, occasionally leading to kinking. Moreover, 
we observed that the segment of popliteal artery 
crossing the knee was also subject o displacements. 
These displacements consisted of gentle curves espe- 
cially noticed on frontal projection, with true SK seen 
in some cases of calcified popliteal arteries, as pre- 
viously described by angiography. 1° Kinking of the 
popliteal artery has been said to be a cause of arterial 
thrombosis after prolonged travel. I3 
The behaviour of a tube such as a vascular sub- 
stitute during bending is a complex phenomenon. 
During bending, the internal (concave), and the 
external (convex) walls of the tube are submitted to 
different forces. The external wall is submitted to a 
tensile stress leading to lengthening. When the max- 
imum lengthening related to the mechanical proper- 
ties of the biomaterial is obtained, the tube is sub- 
mitted to an ovalisation in its section at the level of the 
bend. On the other hand, the internal wall is sub- 
mitted to a compression stress leading to shortening. 
When the maximum shortening of the wall is 
obtained, the tube deforms, creating folds of the 
internal wall which protrude into the lumen. As 
bending increases, maximum deformation leads to the 
occlusion of the tube. As a consequence, resistance to 
kinking of a vascular substitute is related to the 
mechanical properties of the biomaterial and its 
structure, ePTFE has a low compliance and viscoe- 
lastic modulus that contribute to its low resistance to 
kinking. The crimped structure of polyester textile 
grafts allow more wall deformation, and so a probably 
higher resistance to kinking. Kinking of reversed veins 
is possibly related to the fact that the viscoelastic 
modulus of a vein submitted to arterial pressure is 
lower than that of an artery under the same intra- 
luminal pressure, or a vein submitted to a normal 
intraluminal venous pressure. The presence of the 
native connections between the wall of in situ veins 
and the surrounding tissues may make this type of 
bypass less vulnerable to kinking as was observed in 
this study. 
Kinking of a vascular graft during knee flexion 
might cause thrombosis by two mechanisms. First, a 
sharp angle of knee flexion may occlude the graft, and 
if prolonged, lead to intraluminal thrombosis. The 
second mechanism relates to the development of 
neointimal lesions caused by repeated kinking of the 
graft. These lesions may be tears or ulcerations of the 
neointimal lining which promote local thrombosis, or 
hyperplasic neointimal stenosis of the graft as 
described by Taylor et al. 6 Since kinking of arterial 
grafts is thought o be responsible for late failures of 
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below-knee revascularisations, attempts have been 
made to counteract this by supporting the polyester or 
ePTFE prostheses externally with coils or rings. 7'14-19 
However, external support did not improve the 
patency rate of below-knee ePTFE bypasses in a 
randomised prospective study. 2° This lack of improve- 
ment might be related to lesions in the neointimal 
lining observed on grafts surgically retrieved from 
humans. 21 These lesions were seen on the luminal 
surface, at the level of insertion of the external 
support. Improper tunneling of the graft when it is 
placed between the adductors, as opposed to under- 
neath them, causes an abnormal medial course of the 
bypass in extension, and a severe angulation during 
knee flexion is referred to as graft entrapment. 22"-24 
In conclusion, the behaviour of a vascular graft 
during bending leads to the formation of sharp or 
gentle curves, or SK. We demonstrated that autolo- 
gous veins as well as synthetic grafts may be affected 
by SK although less so for the in situ technique. This 
kinking may induce neointimal esions and affect 
patency. Further studies are needed to establish the 
true incidence of kinking with the different vascular 
grafts or techniques. The impact of SK on patency 
rates also requires further evaluation in a larger series 
of patients, because of the multiple factors affecting 
patency. We have started such a study. 
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